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1.6.1  Jones vectors for a plane wave 
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1.8.2  Dispersion and extinction in dense media 
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1.8.3  Relationship between the real and imaginary parts of the 
permittivity 
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Chapter 2 
Geometrical Optics 

 
All what we see, 
it is seen in a rectilinear direction. 
Pseudo-Eukleidēs, Catoptrics, 2nd postulate 

Introduction 

Geometrical Optics is one of the oldest of the physical sciences, but still re-
mains the most effective approach for explaining a good part of the most common 
optical phenomena. It is particularly useful for tracing the propagation of light in 
inhomogeneous media and for describing or designing optical instruments. The 
emphasis of this discipline is to find the path of light rays, imagined as geometric 
lines along which energy flows. It is based on a few simple observations: 

a) light propagates in a straight line in homogeneous media and, in particular, it is 
possible to produce thin beams of light, similar to geometrical rays within the 
physically unattainable limit of an infinite subtlety; 

b) the laws of reflection and refraction; 
c) different light beams propagate without disturbing each other; 
d) “natural” sources are generally uncorrelated between them, for which their 

light beams overlap without showing interference. 

On the other hand, the electromagnetic field associated with visible light is 
characterized by very small wavelengths, on the order of 106  107 m. There-
fore, the phenomena that violate the first and the last of the above observations 
can be observed only with accurate experiments. Indeed, the effects of diffraction 
or interference are almost hidden using natural sources, for which the visibility of 
the fringes is reduced. The diffraction phenomena appear when there are rapid 
changes in the amplitude of the field, such as that produced by a sharp obstacle, 
particularly when some dimension of the optical system, such as the diameter of 
an aperture, is comparable to the wavelength; or in the neighborhood of a focal 
point; or over long distances compared to the transverse dimension of a wave, par-
ticularly when there is a delimitation imposed upon it. Lastly, point (c) follows 
from the linearity of the media at the ordinary beams’ intensity.   

In this chapter, we will explore the consequences of such observations taken as 
empirical data. However, we will derive the laws of Geometrical Optics by Max-
well’s equations within the limit at which the wavelength  tends to zero. We will 
also see that, within such a limit, the intensity can be deduced from the transverse 
dimension of a thin pencil of rays and that the polarization state can be associated 
with each ray. Therefore, in Geometrical Optics, the rays are associated with the 

Electronic supplementary material The online version of this chapter (https://doi.org/10.1007/
978-3-030-25279-3_2) contains supplementary material, which is available to authorized users. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25279-3_2&domain=pdf
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2.2.1  The light rays and the radiant energy propagation 
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2.3.4  Collective properties of rays 
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2.3.5  The laws of refraction and reflection in Geometrical Optics 
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2.3.6  The Malus-Dupin theorem  
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2.3.8  Wavefronts and caustics in a homogeneous medium 
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2.6.8  Optical center of a lens 
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2.7.5  Transformation of the wavefront  
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2.7.6  Symmetry relations and optical path 
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2.9.1  The aberration functions for an axial optical system 
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2.9.3  Spherical aberration 

 ro spherical aber-
ration

ro

sr i s

i s

x r
y r



longitudi-
nal spherical aberration

i i sab sfericaz z d r

rs

marginal marginal focal point

circle of least con-
fusion

151050

2

1

0

-1

-2

paraxial
focal plane

(a)

0.2

0.1

0.0

-0.1

-0.2
8.88.68.48.2

(b)

least confusion circle

0.2

0.1

0.0

-0.1

-0.2

(c)

10.110.09.9

n



sub-corrected

 rs

R t
n

paraxial
focal plane

-1.0 -0.5 0.0

20

15

10

5

0

rs

z

(a)

(b)

(mm)

(mm)

R
n t

R
n t

R



over-corrected

rs

dioptre R

i i o o o i o

i o o i o o o

n n n n h n R n n
s h R s f n s R R n s

fo
s i diop-

tre

h
dioptre

100959085

3

0

-3
1009590

3

0

-3

longitudinal aberration

singlet doublet



2.9.4  Coma 

meridian rays
skew rays

tangential plane

sagittal plane sagittal rays
Coma astigmatism

60°

C  =   Ct s3

Cs

Cs

A

A

B

C

D

D

C

B

a

a

b

b

c c

d

d

A

B D

C

a

b d

x

I

rs

A

a

a

A

A

a

y

I

z

rs
rs

y



o s

i o s

i o s

r r

x y r
y y r

10

15

0

5

10

15

100959085 -2 20

0

5

-0.5 0 0.5

0

-1

(c)

20 20

T
S

(a) (b)

spot dia-
grams z

spot diagram



C yor
y

rs

yo

2.9.5  Astigmatism and curvature of field 
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2.9.7  Aberration of a thin lens 
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Chapter 3 
Interference 

The law is, that “wherever two portion of the same light arrive at the eye by 
different routes, either exactly or very nearly in the same direction, the light 
becomes most intense when the difference of the routes is any multiple of a 
certain length, and least intense in the intermediate state of the interfering 
portions; and this length is different for light of different color”. 

 Thomas Young [Young 1802, p.387] 

Introduction 

The most impressive evidence of the wave nature of light is given by the bright 
and dark bands that, under appropriate conditions, are formed in the overlapping 
zone of two or more beams of light, and which become observable, for example, 
by interposing a diffuser screen in such a zone. These bands are called interfer-
ence fringes, and the phenomenon itself is known as interference.  

Historically, the first documented observations of interference fringes were 
made independently by Robert Boyle and Robert Hooke, who noted the colored 
fringes produced by thin films. Hooke, in particular, made a systematic study of 
them and observed the ones that are improperly called “Newton’s rings”. Newton 
himself realized the periodic nature of Hooke’s rings, but he gave an explanation 
of compromise between wave ideas and his corpuscular theory of light that was 
completely wrong [Landsberg 1979, p. 123]. Finally, Thomas Young, in 1802, 
correctly interpreted the phenomenon as interference between the reflections from 
the interfaces, coming to the measurement of the wavelength. To further demon-
strate the wave nature of light, Young performed his famous experiment, pub-
lished in 1807, in which he observed the interference produced by the light com-
ing from two slits [Young 1807]. However, his principle of interference was not 
accepted until Augustin Jean Fresnel removed the various objections to the wave 
theory, demonstrating the validity of his diffraction theory. 

In the following sections, the theory of interference is developed from the equa-
tions of electromagnetism in the case of a linear and isotropic medium. In this 
context, interference finds its justification in the sum of the fields of the various 
waves and in the principle of superposition. We will first analyze the cases of two-
wave interference, the conditions for their observation and the interferometers, 
with some examples of their use, such as in the examination of the optical quality 
of the surfaces, in the refractive index measurements, and in stellar interferometry. 
Next, we will study the most significant cases of interference with many waves: 
the Fabry-Perot interferometer, as a prototype of resonant cavity, and the dielectric 
multilayers with their applications.  

Electronic supplementary material The online version of this chapter (https://doi.org/10.1007/
978-3-030-25279-3_3) contains supplementary material, which is available to authorized users. 
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3.1.1  The principle of linear superposition 
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3.1.2  Interference between monochromatic plane waves 
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3.1.3  Interference produced by two point sources 
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3.2.1  Classification of interference methods 

wavefront division

amplitude division
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3.2.2  Interference by division of the wavefront 
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3.2.3  Tautochrone properties of Optical Systems 
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3.2.4  Importance of the size of the light source  
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3.2.5  Interference by amplitude division 
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3.2.6  Localization of interference fringes 
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3.2.7  Two-wave interferometers 
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3.3.1  Fabry-Perot interferometers 
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3.3.2  Transmission function (Airy function) of a Fabry-Perot with 
plane and parallel mirrors 
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3.3.3  Applications of Fabry-Perot interferometers 
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3.4.1  Reflection and transmission 
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3.4.2  Propagation in periodic structures 
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3.4.3  Reciprocity and time reversal: the Stokes relations 
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3.4.4  Applications 
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3.4.5  Phase dispersion and amplitude filtering on a wave not 
monochromatic 
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Chapter 4 
Diffraction 

Lumen propagatur seu diffunditur non solum Directe, 
Refracte, ac Reflexe, sed etiam alio quodam quarto 
modo, DIFFRACTE. 
Propositio I, De Lumine, P. Francesco Maria Grimaldi 

Introduction 

Diffraction, whose name was introduced by Grimaldi in 1665, when he first 
discovered it and described its effects, has been conveniently defined by Sommer-
feld (1949), paraphrasing the Grimaldi’s expression, as «any deviation of the light 
rays from rectilinear paths which cannot be interpreted as reflection or refraction». 
For example, if an opaque object is placed between a point source and a screen, 
the shadow thrown by the object does not have an edge as sharp as the one pre-
dicted by Geometrical Optics. In fact, careful observation of the shadow edge re-
veals that a bit of light goes into the shaded area, while darkened fringes appear in 
the illuminated area. On the other hand, there is also a similarity between the dif-
fraction produced by a diffractive body and the refraction or reflection from a sur-
face: both effects are due to a sudden discontinuity of the medium and, indeed, the 
diffraction fringes can be attenuated by the apodization of the obstacle edges, 
which consists of a gradual variation of their opacity. The phenomenon of the dif-
fraction fringes is quite complex, and there have historically been deep disputes 
about their origins. Today, we can say that there is both an electromagnetic contri-
bution from the edge of diffractive objects, and a “geometric” contribution due to 
their form; in this chapter, we will only deal with cases in which this second con-
tribution is relevant and the other can be neglected. 

Many diffraction studies are devoted to the effects of objects placed in the path 
of radiation. The term diffraction, however, is also used to indicate a particular 
method of calculation of the wave field by means of surface or line integrals, as an 
alternative to methods of propagation through the integration of the wave equa-
tions in three-dimensional space.   

After that of Grimaldi, the first important contribution to the diffraction theory 
was given by Fresnel, who perfected the Huygens model by introducing Young’s 
interference principle in place of the envelope of wavelets. Fresnel was thus able 
to calculate diffraction figures with remarkable precision. Even Young presented a 
theory of diffraction, based on the visual observation that an aperture edge appears 
illuminated. Therefore, he suggested that the diffraction fringes were produced by 
the interference between the radiation transmitted directly from the aperture and a 
wave coming from the edge, which is now called a boundary-diffracted wave. An 
equivalent to Fresnel’s theory was then demonstrated by Maggi and Rubinowicz 

Electronic supplementary material The online version of this chapter (https://doi.org/10.1007/
978-3-030-25279-3_4) contains supplementary material, which is available to authorized users. 
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4.1.3  The Rayleigh-Sommerfeld formulation 
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4.2.1  Evolution of the diffraction pattern with the distance from 
the aperture 
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Chapter 5 
Fourier’s Optics 

Introduction 

We have seen that, in Fresnel’s approximation the propagation of a wave be-
tween two parallel planes can be expressed in terms of a Fourier’s transform. 
Here, we examine an alternative technique, relying on the fact that the field pre-
sent on the first plane can be represented by its spectrum in plane waves, for 
which, in a homogeneous space, one can determine their propagation in a simple 
way. By recombining these waves, one can therefore easily rebuild the field on the 
second plane with an inverse transform. This fact has two important applications, 
the first concerns the mathematical and numerical techniques that can be used to 
calculate the diffracted field, and the second is, in a certain sense, opposite to the 
first and concerns the processing of signals by optical means. In particular, we will 
briefly discuss some topics that make use of the Fourier’s transform, including 
sampling theorems and the numerical techniques for the calculation of diffraction, 
the formation of images and analysis of the quality of optical systems, the theory 
of coherence and some of its applications, spatial filtering and finally diffraction 
gratings. 

5.1  Mathematical preliminaries 

5.1.1  Some special, frequently used functions 

In optics one often refers to the concept of a point source, when, for example, 
its dimensions are very small compared to the resolving power of the instrument 
and then the source is assimilated to a point with a finite emissive power, but also 
of infinite intensity. Other times, then, an extended source is assimilated into a 
continuous collection of point sources, with an overall finite intensity. Mathemati-
cally, the concept of a point source is rendered by Dirac’s function, which is not 
an ordinary function, but rather belongs to the category of generalized functions, 
endowed with particular discontinuity, which have meaning only within an inte-
gral. A solid discussion of these functions requires the theory of distributions, but, 
here, we limit ourselves to understanding them as the limit of a sequence of ordi-
nary functions with “good behavior”. Some functions of this type and others that 
are particularly useful in optics [Goodman 1996] are as follows. 
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5.2.2 Sampling theorem in Cartesian coordinates 
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5.3.1  Application of the FFT to the Fresnel diffraction 
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5.3.2  Angular spectrum of the field on an opening 
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5.3.5  Extending the range of application of the angular spectrum 
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5.4.1  Degrees of freedom of optical signals 
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5.4.2 Behavior of a lens in the paraxial approximation 
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5.4.3  Image formation 

S S S
s so s si

o i

o

i s s

o

u x y C x ye
x y x y C x y u x y dx dy

S

o i
i x y i x y
s m sC e C e

amplitude point spread function
x y

x y x yi x f y f

o i o i

P f f
x y x y p x y e dx dy

s s s s
S

x y
o i o i

x x y yf f
m s s m s s



P F p r
x y point spread function r

fx fy r
x y m r

m si so

o is si

o i

i i

eu x y C x y
s s

x x y yP C x y u x y dx dy
s s

C C C
C

P p
x y

o

i x y
s mC e

u C

o
i L x y

i io i

x yu x y e P u x y
s ss s

x y

a
si a r

ox y s m a
o a rA
r



o i o i
i

nL x y n s s x y
s m

o i n  n

5.4.4  As a lens does the Fourier’s transform 
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5.4.5  Behavior in three dimensions 

o iS s z s z f



so si z
z z so z si

i
m z z

S s

m

s s so si

o ii s s z z

o i
u x y C x yes s

u x y C x y x x y y z z dx dy

C C

z m z

i i
i xx yy z x y

s sx y z p x y e dx dy

point spread function

5.4.6  Image formation with a generic optical system 



sine condition
qo y

x

zy

j oj q

j

y

j j
j

i

j

q
j

j

qi
j



ji

o j

q m
q

m

xo  yo

o

o o o o o o o o o ou x y u x y x x y y dx dy

ox m xo oy m yo

O I

� �’jj

s s =m so oi 4



o o o
o

o o
i

i L x y
p o o o o o o o

i x xx y yy
d

i

u x y x y e u x y p x y x y

i e
d

i di o ni
ni di

i Lo o ou p

Lo o

C
p

p generalized pupil
di

i i i
i

o i i
o

o

ii d x y
d

i i i

i L x y
o o o i i o o o o

u x y e

e u x y x y x y dx dy
S

oS

i o i o
i

i i o o

i x x x y y y
d

o o
i

x y x y

p x y x y e dxdy
d

A

A
p

i di



i i
i

i xx yy
i id

i i
i ii i

x yx y p x y e dxdy P
d dd d

A

i i ox x x i i oy y y

P

p r r a a

i i

a arr
d r d

Lo AC

i i
o

o

i L x y
i i i i o i o o o o o ou x y e x x y y u x y dx dy

S

i
i i o i i i i i i

o o i

nL x y L x y n d x y
d

o i iu x y F

F
o x yU f f

xi yi
point spread function 

F

F
x yf f

coherent transfer function

i i iu x y F

F
i x yU f f

ou iu
xi yi



i x y x y o x yU f f f f U f f

iU iu ikL ui co-
herent transfer function

i i
x y i i

i ii

x yf f x y P
d dd

F F

x y i x i yf f p d f d f

rotated

diffraction-limited

r

r
i

rf
d
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5.5.7  Partial coherence and microscopy 
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5.6.4  Phase contrast microscopes 
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5.7.1  Reflection and refraction law of the gratings 
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Chapter 6 
Propagation of laser beams in linear media 

The Gaussian, Bessel, and Bessel-Gauss approaches 

Introduction 

If the medium is homogeneous, linear, isotropic, and non-dispersive, any elec-
tromagnetic wave can, in principle, be decomposed into plane waves, which are a 
simple and effective basis for complex wave equation solutions (1.4.12). But, in 
real cases, we have to deal with electromagnetic beams of limited size, and the de-
composition in plane waves is not always the most appropriate. Consider, for ex-
ample, the case of a monochromatic, and therefore continuous (CW, that is, con-
tinuous wave, single-frequency) laser beam; at every point in the space, its electric 
field oscillates sinusoidally over time. The spatial trend in this field is not equally 
simple: at first sight, a collimated laser beam is a genuinely good representation of 
a pencil of parallel geometric rays between them, but, with more careful observa-
tion, we find that the beam tends to expand due to the diffraction. 

As we have already seen, the solution to diffraction problems is difficult to ob-
tain in general. However, if we limit ourselves to considering waves whose spec-
trum of wave vectors from the development in plane waves remains contained 
within a narrow cone centered around a direction of predominant propagation, 
let’s say, the z-axis, the wave equations can be simplified in a less drastic way 
than for Geometrical Optics, while maintaining (in many cases) an excellent repre-
sentation of the diffraction (when, along the path of the beam, there are no dif-
fracting objects). 

The equation that is obtained is called the paraxial wave equation, and its char-
acteristic solutions constitute a basis for replacing the plane waves. The advantage 
of this treatment consists in the fact that, in many practical cases, it is sufficient to 
consider a finite number of such solutions, instead of the infinite or very large 
number that would be required for a plane wave development. 

One class of characteristic solutions of the paraxial equation is that of Gaussian 
beams, which constitute a series of transverse modes and are particularly suitable 
for treating laser beams. Their field decays as exp(–r2/w2), where r is the distance 
from the beam axis and w is a parameter that depends on the position along the ax-
is. 

A different approach to the problem of diffraction derives from the observation 
that, for a linear medium, the propagation between two planes orthogonal to the z-
axis can be seen as the response (output) of a linear system to an excitation input. 
In particular, as we have seen above, the “classical” treatment of diffraction con-

Electronic supplementary material The online version of this chapter (https://doi.org/10.1007/
978-3-030-25279-3_6) contains supplementary material, which is available to authorized users. 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25279-3_6&domain=pdf


diffraction free

u k u

u k

z u

ikzu x y z e

x y z
ikz

ik
zz

x y
z z k z

k z paraxial wave equation

ik
z

paraxial spheri-



cal wave

x x y y
ik

z ze
z z

r r

r

ik z z
z z

ABCD

i
z k

z z
i

z



ki P r
q

a r x y P z

q z
r

dq dP i
dz dz q

z z

q z q z z z

R w
q

iq R w

n
k n

riP i r
R w

z

R z curvature radius of the wavefront
R

rkz k
R

w z spot size radius w
e w

q
z waist

q



w nwq i i

wq z q z i z i z z

o
w nwkz iq w

q

iz

q complex curva-
ture i w

q z
q z

q linearly  z
w R

q
q q

z

2w

zR

o2w

R

�

z



w R
z

z zw z w R z zz z

w z z
w w z

w
w z

w z
can all derive from one another  R z

z z z

z z w
z w R

w z w R

w Rw w z R
R w

zR

zR

2zR

2zR

R

z



dP i i
dz q z i z

z z ziP z i iz z z

P
w w

kr iki kz i i kz r
q Rww wu r z u e u e

w w

z z w
z Rw

w
R

r z

k r w rr i i
R R i z zw w w

o

rkr ikzikz i
q z w iz zqu r z u e u e

q z i z z



x y u

ki x y
q qu qu r z dxdy e dxdy u w

q

z
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6.3.3  Polarization of the modes 
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6.5.3  Collimation of Gaussian beams 



is the minimum possible
the distance until the next waist of the beam is the maximum possible  

w
R w R

w w

w

z wR R
R w w w

w

wz

f
w

so f si f

fw w

w
f

from the 



lens Zo zR

o os f Z f w

i
fs f

w

fw w

w
f

f
w

6.5.4  Effects of a dioptre 

q

s K n s Ks sn n ns s
nK

n s KKn n
n n n



n n
K n n R R s

s

q q
K

n nq q s s
n n

s s

n nq i w q i w

nw w s s n

6.5.5  Determination of the waist position by means of the ABCD 
law 
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6.5.6  Amplitude and phase of a Gaussian beam transmitted by an 
optical system with axial symmetry 
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6.6.2  ABCD law for the propagation in a non-axial system 
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6.8.1  Zero-order Bessel-Gauss beams 
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6.8.2  Generalized Bessel-Gauss beams 
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6.8.3  Propagation of a Bessel-Gauss beam through an axial 
optical system 
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6.9.1  Resonant modes 
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7.11.1  Calculation of the transformation of pure polarization 
states by means of Jones vectors and matrices 
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7.11.2  Calculation of the propagation of partially polarized 
radiation through the Stokes parameters and Mueller matrices 
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7.11.6  Combination of birefringent plates rotated between them 

l
L

i i
i

i i
e ee

e e
M

l
l
L

LL l

i
i

i
e

e
e

l

L

 l
 L



i

i

e

i
e

i

M Ml
L

L l
l
L

L l
l

L

' m m

i

i
e

e
M

l
l
L

L

z


� 4 
� 4
 2

45 45
�

x



i

i
i i ei i i

i i e
M

7.11.7  Spectral filters by birefringence 
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